ABSTRACT Soybean hulls are a by-product of soybean processing for oil and meal production; Pleurotus eryngii stalk residues (PESR) are by-products of the edible portion of the fruiting body enriched in bioactive metabolites. This study evaluated the effects of cofermented PESR and soybean hulls with Aureobasidium pullulans on performance and intestinal morphology in broiler chickens. The in vitro experimental results showed that xylananse and mannanase activity of solidstate fermented soybean hulls (100% SBH) and soybean hulls partially replaced with PESR (75:25, SHP) reached peak at day 12; solid-state fermentation (SSF) enhanced the total phenolic content and trolox equivalency in both products as well. Additionally, FSHP had higher xylotriose and mannobiose levels than fermented FSBH did. A total of 400 broilers (Ross 308) were assigned randomly into four groups receiving the basal diet (control) or the basal diet supplemented with 0.5% fermented SBH (0.5% FSBH), 0.5% fermented SBHP (0.5% FSHP) and 1.0% fermented SBHP (1.0% FSHP) until 35 d of age, respectively. Results demonstrated that 0.5% FSHP addition increased body weight gain as compared with corresponding normal diet fed control in birds during entire experimental period. Compared with the control group, 0.5% FSHP group significantly increased the ratio of lactic acid bacteria to Clostridium perfringens in ceca as well as ileum villus height and jejunum villus height/crypt depth ratio of 35 d old birds. In conclusion, 0.5% FSHP supplementation in the diet could obtain not only improved body weight gain, but optimal intestinal morphology by exerting its bioactive metabolite properties when fed to broilers.
INTRODUCTION
Soybean meal has many virtues, such as high quality protein and balanced amino acid, making it the most commonly used protein source in poultry diets (Gatlin et al., 2007) . However, the cost of soybean meal keeps rising (Vicenti et al., 2009; Jezierny et al., 2010) . The consequence of the high cost of protein supplements in feed has encouraged the use of agricultural by-products as alternatives; these have been exploited in recent years. Soybean hulls are one of the by-products of the soy industry, which represents 8 to 10% of the whole composition of the grain, generating about 18 to 20 million tons annually (USDA, 2012) . Its fiber content can reach up to 51% cellulose, 25% hemicellulose, and 8% lignin. These fiber con-C 2015 Poultry Science Association Inc. Received May 13, 2015. Accepted September 1, 2015. 1 These authors contributed equally to the work. 2 Corresponding author: ttlee@dragon.nchu.edu.tw tent figures may vary depending on the efficiency of the de-hulling process (Mielenz et al., 2009; Yoo et al., 2011) . Moreover, some reports show that the polysaccharides of soybean hulls are mainly galactomannan, xylan, and cellulose. Since large amounts of these nonstarch polysaccharide (NSP) are located in the hull part of soybean (Dilger et al., 2004; Knudsen, 2014) and monogastric animals lack endogenous enzymes to degrade and digest these NSP (Pustjens et al., 2012) , the utilization of this potential energy source was extremely limited because it may impair growth performance in broilers.
Mushrooms have great potential for producing useful bioactive metabolites, such as phenolic compounds and biomolecules, and they are considered healthy foods in regard to their nutritious values (Reis et al., 2012) . It has been reported that the Agaricus bisporus mushroom exerts both growth-promoting and tissue antioxidant-protective activity when used as a supplement in broiler diets (Giannenas et al., 2010) . Pleurotus eryngii, commonly called the King Oyster mushroom, has been shown to accumulate a variety of secondary metabolites, such as phenolic compounds and 2959 polysaccharides, which have potential antioxidative properties Siqian and Shah, 2013; Zhang et al., 2014 ) that hold promise for improving the oxidative status of an animal (Kaur and Kapoor, 2001; Giannenas et al., 2010) . In addition, Pleurotus eryngii stalk residue (PESR) has abundant crude soluble polysaccharide (microbial cell wall polysaccharides) (165.0 ± 10.1 mg/g DW), total phenolic compounds (5.00 ± 0.33 mg/g DW), etc., which may not only provide the requirements for biological metabolism, but also exhibit potential antioxidant properties that decrease lipid peroxidation and improve meat quality in broilers .
Aureobasidium pullulans is a ubiquitous, polymorphic, and oligotrophic black yeast-like microfungus that occurs frequently in varied environments (Samson et al., 2004) . Several studies show that different strains of A. pullulans can be applied to different fields that rely on the variant functional components they possess Duan et al., 2008; Gao et al., 2007) . For example, different strains of A. pullulans isolated from diverse environments can produce distinct enzymes, such as amylase, protease, lipase, cellulose, xylanase, etc., which have great potential for applications in industry (Rajeeva et al., 2010) ; nevertheless, scant research has been conducted using fermented soybean hulls and PESR by A. pullulans as feed additive. Accordingly, the objective of the present study was to produce a beneficial feed additive by solid-state fermentation (SSF) of soybean hulls and PESR with A. pullulans, and to further evaluate the effects of fermented soybean hulls and PESR by A. pullulans on performance and intestinal morphology in broiler chickens.
MATERIALS AND METHODS

Microorganisms and Inoculums
In the present study, A. pullulans SH-218, procured from the Department of Food Science and Biotechnology, National Chung Hsing University, Taichung, Taiwan, was used as the test organism. To prepare the inoculum, two successive transfers of the test organism were first performed in Yeast-Malt (YM) extract agar broth (Difco R ) at 30
• C for 24 h. The 0.5% activated culture was inoculated into Mandels-Reese medium (Mandels and Reese, 1957) containing 0.25% xylan and 0.25% locust bean gum at 30
• C for 48 h, after which time the viable population was 1 × 10 7 CFU/mL. The culture was then used as the inoculum to prepare FSBH and FSHP.
Substrate Procurement and Pretreatment
Two different agricultural by-products, soybean hulls and PESR, were chosen as substrates for SSF in the present study. Soybean hulls were procured from TTET Union Corporation, Tainan, Taiwan, sieved out and reserved for further processing. PESR was obtained from Q-Yo Bio-Technology Farm, Changhau, Taiwan. The fresh stalk residues were dried in an oven at 70
• C for 2 d, and then milled and passed through a sieve shaker measuring approximately 1 mm.
Solid-state Fermentation (SSF)
There were two types of substrate, both of which were carried out in two batches in triplicate; thus, the results described are the mean of three replicates. In first set of experiments, 50 g of soybean hulls were weighed in a sterilized bag; soybean hulls in combination with ground PESR in the ratio 3:1 (50 g altogether) was mixed uniformly in a sterilized bag. Both sets were respectively mixed with an adequate content of deionized water so that the moisture content was adjusted to 40%, and then thoroughly mixed and sterilized at 121 ± 1
• C for 30 min in an autoclave. As the bags cooled, a 1% inoculum was performed as previously mentioned. The bags were incubated in an environment-controlled room maintained at a temperature of 30
• C, and were removed from the room at regular intervals of 24 h for ventilation and each 72 h to conduct hemicellulase assays.
Enzyme Extraction and Assays
Each substrate (10 g) were subjected to 10 times dilution with deionized water, and stirred for 30 min to obtain the extract solution. The mixed solution was then centrifuged at 14,000 × g at 4
• C for 3 min, subsequently filtered by Whatman No.1 filter paper and analyzed for mannanase and xylanase activities. Both enzymes were assayed by measuring the reducing sugars using dinitrosalicylic acid (DNS) method (Miller, 1959) . The developed colors were measured at 540 nm. One International unit (IU) of both hemicellulase activities was defined as the quantity of enzyme required to liberate 1 μm of reducing sugar (mannose/xylose) of crude filtrate per minute under standard assay conditions (60
• C, pH 6.0 for mannanase and 50 • C, pH 5.0 for xylanase).
Preparation of Solvent Extracts for Total Phenol and Trolox Equivalency Assay
To prepare the solvent extracts of two subtracts fermented for 0, 3, 9 and 12 d, 2.5 g samples were weighed with deionized water in flasks and extracted in 95
• C water for 1 h. Each was then quantified to 50 mL. The solvent extracts obtained were then centrifuged at 3,000 × g for 10 min and filtered through Whatman No. 1 filter paper.
Determination of the Total Phenolic Content
The total phenolic content of the sample was measured based on the procedures described by Kujala et al. (2000) with minor modifications. Briefly, an aliquot of 50 μL extract was mixed with 0.5 mL Foline-Ciocalteau phenol reagent and 1 mL 7.5% sodium carbonate, and allowed to react for 30 min at room temperature (RT) comparatively to a gallic acid standard. Absorbance was measured at 730 nm using an automated microplate reader. The results were expressed as mg gallic acid equivalence/g extracts.
Determination of Trolox Equivalent Antioxidant Capacity (TEAC)
The standard TEAC assay described by Gyamfi et al. (1999) was used with minor modifications for determination of the TEAC value. This assay assessed the total radical scavenging capacity based on the ability of a compound to scavenge the stable ABTS radical (ABTS·) in 10 min. The blue-green ABTS· was produced through the reaction among Peroxidase (44 U/mL), 30% H 2 O 2 and ABTS (500 μM) (1:1:1). The solution reacted in the dark for 1 h before use. Stock solutions of trolox (standard) were prepared in ethanol. Ten microliters of each sample and trolox were added to the 90 μL ABTS· solution, and the absorbance at 692 nm was measured in time. This was compared to a blank where 10 μL of the solvent was added to 90 μL of the ABTS solution. The reduction in absorbance 10 min after the addition of the antioxidant was determined. The TEAC of the antioxidant was calculated by relating this decrease in absorbance to that of a trolox solution on a molar basis.
Determination of Oligosaccharide Content
Preparing the solvent extracts of two substrates fermented for 0, 3, 9 and 12 d, 2.5 g samples were diluted for 20 times with deionized water and then stirred at RT for 1 h. The extracts obtained were then centrifuged at 1,400 × g for 5 min and filtered through Whatman No. 1 filter paper. The aliquot was further filtered through 0.22 μm membrane filter, subsequently analyzed by HPLC (HITACHI, Kyoto, Japan) equipped with a pump (L-2130), an RI-detector (L-2490), a column (Transgenomic CARBOSep CH0682 Pb, 300 mm × 7.8 mm), an autosampler (L-2200) and a computer system with HPLC D-2000 Elite.
Experimental Birds and Housing
The experiment was conducted at National Chung Hsing University, Taiwan, and the experimental protocol for animal use was approved by the Animal Care and Use Committee. A total of 400 1-day-old broiler chickens (Ross 308) were evenly divided by gender and randomly allocated to four treatments, each of which had four replicates/pens and 25 birds/pen (totaling 100 birds/treatment). Initial average BW of the birds in different pens was similar (average 38.0 to 38.5 g/bird approximately). All birds were placed in a temperaturecontrolled house. The temperature was maintained at 34 ± 1
• C until the birds reached 7 days of age, and it was gradually decreased to 26 ± 1
• C until the birds reached 21 d of age; after this point, the broilers were maintained at RT (approximately 26
• C).
Feeding Schedule and Dietary Composition
The experiment lasted for 35 d and there were 2 phases: starter (1 to 21 d) and finisher (22 to 35 d), diets (in mash form) and water were provided ad libitum. The birds in treatment 1 were fed a diet based on corn-soybean (control group), and the other three groups were provided experimental diets based on the basal diet but containing an additional 0.5% FSBH (500 units mannanase/kg diet), 0.5% FSHP (500 units mannanase/kg diet) and 1.0% FSHP (1,000 units mannanase/kg diet) ( Table 1 ). Starter and grower diets were offered to the birds from 1 to 21 d and from 22 to 35 d of age, respectively. The proximate composition was analyzed according to the AOAC (2000) including the crude protein, crude fat, ash and acid detergent fiber were determined using methods 990. 
Performance, Relative Digestive Tract Weight, Serum and Intestinal Content Collection
Body weight of chickens per pen and feed consumption were recorded at 1, 21, and 35 d of age. Body weight gain and feed conversion ratio (FCR) were calculated from these data. At 35 d of age, eight birds per treatment group (four birds per replicate) were randomly selected for sampling. The birds were bled via the brachial vein, and blood was collected (5 mL) by cardiac puncture using a vacutainer tube. The blood was centrifuged at 2,000 × g for 15 min to obtain the serum, and was stored at -20
• C until it was analyzed for antioxidant enzyme activity and malondialdehyde (MDA) determination. After the blood was collected, the birds were euthanized by exsanguination. The abdominal cavity was opened and various organs obtained. The duodenum, jejunum, and ileum (without digesta) and ceca were weighed to determine the relative digestive tract weight, and then the ileal and cecal contents were collected for the following study. 
Microbial Populations in Ileal and Cecal Contents
For determination of microbial populations, strains of C. perfringens and lactic acid bacteria were cultured with the Reinforced Clostridia agar (BD Difco TM) and MRS (de Man Rogosa and Sharpe agar, Difco 288130) medium, respectively. After incubation anaerobically at 37
• C for 48 h, the microflora numbers were calculated. Bacterial populations were expressed as log10 colonyforming units (CFU) per gram of intestinal contents.
Morphometric Analysis of the Small Intestine
At the end of the experiment (d 35), one bird per replicate cage from each treatments (total of 4 birds/treatment) was randomly selected and sacrificed. During the necropsy, the gastrointestinal tract was removed and the small intestine was divided into two parts: jejunum (from the pancreatic loop to Meckel's diverticulum) and ileum (from Meckel's diverticulum to the ileo-ceco-colic junction). Segments 3 cm long were taken from the center of each part and fixed in 10%, pH 7.2 buffered formalin overnight for morphometrical assays under light microscopy. Formalin-fixed intestinal tissues were processed, embedded in paraffin wax, sectioned at 3 μm and stained using the hematoxylin and eosin methods. Histological sections were examined with a light microscope coupled with a Motic Image Plus 2.0 analysis system. Images were viewed (4×) to measure morphometric parameters of intestinal architecture. Ten favorably oriented sections cut perpendicularly from villus enterocytes to the muscularis mucosa were selected from each bird and measurements were carried out as follows. Villus height was measured using the vertical distance from the tip of the villus to the villus crypt junction, and crypt depth was defined as the depth of the invagination between adjacent villi.
Serum Antioxidant Enzyme and Malondialdehyde (MDA) Level Determination
A spectrophotometer was used to calorimetrically assay the activities of superoxide dismutase (SOD), catalase (CAT) and MDA content (Wheeler et al., 1990) . The procedures were conducted with assay kits purchased from Cayman Chemical Co., Ltd. (Ann Arbor, MI). Serum samples were measured in triplicate and at the appropriate dilutions allowing the enzymatic activities to achieve the linear range of standard curves. Antioxidant enzyme activities were expressed as unit (U) per milliliter of serum as described .
Statistical Analysis
The data was statistically analyzed using the general linear model procedure (GLM) of SAS software (SAS, 2004) following a random arrangement.
The mathematic model was:
where, Y ij k = observed response of enzyme in a cage; T i = fixed effect of feed or ferment day treatment; B j = fixed effect of batch treatment; T i×Bj = Interaction of feed or ferment day treatment; ε ij k = residual error when cage was regarded as experimental unit,
The mean values were compared between the two feed or four ferment day groups using the LSMEANS with the significantly level at P < 0.05.
RESULTS
Hemicellulase Activity
Hemicellulase activity of SBH and SHP during SSF with A. pullulans SH-218 is shown in Table 2 . In response to the progressing SSF, there was increasing hemicellulase activity in both substrates that reached peak at d 12. The xylanase activity was 54.26 and 38.90 U/g; mannanase activity was 112.24 and 103.36 U/g for SBH and SHP fermented for 12 d, respectively. With respect to these two substrates after SSF (d 12), 100% soybean hull (SBH) had higher xylanase activity than 75% soybean hull with 25% PESR (SHP) (P < 0.05) while no significant difference was noted in mannanase activity (P > 0.05).
Total Phenolic Content and In Vitro Trolox Equivalency Antioxidant Capacity
In vitro trolox equivalency antioxidant capacities (TEAC) and total phenolic content of SBH and SHP during SSF with A. pullulans SH-218 are presented in Table 3 . The total phenolic content of SBH and SHP both increased after solid-state fermentation with A. pullulans SH-218 (P < 0.05). Except for d 3, SHP that contained PESR had higher total phenolic content as compared with SBH at the same fermentation day. It was found that TEAC value, regardless of the fermentation substrate types, was significantly higher after d 3 in both substrates. Moreover, higher TEAC value was detected in SHP than SBH since the 9 d of fermentation (142.79 vs. 130.15 mM trolox equivalency/g) (P < 0.05). 1 The value is provided as the means of six samples (n = 6). 2 GAE = Gallic acid equivalence. 3 The extract concentration of the substrate is 10 mg/mL.
Monosaccharide and Oligosaccharide Content
SBH: 100% soybean hulls; SHP: 75% soybean hulls in combination with 25% Pleurotus eryngii stalk residue. SEM = standard error of the mean. a,b Means within the same rows without the same superscript letter are significantly different (P < 0.05).
x,y Means within the same columns with different superscript letter are significantly different (P < 0.05).
SH-218. Xylose content was significantly lower after SSF in both SBH and SHP (P < 0.05); while mannose content was increased solely in SHP (1.10 vs. 1.52 mg/g) after SSF for 12 d (P < 0.05). Higher xylotriose and mannobiose content were also found in SHP than in SBH after SSF (P < 0.05). Table 5 shows the effect of supplementation of FSBH and FSHP in diets on the growth performance of 1-to 35-day-old broilers. There were no significant differences in each growth parameter among all treatments in the period from 1 to 21 d of age; nevertheless, birds consuming diet containing fermentation products had higher weight gain than the control from 22 to 35 d. As far as the entire experimental period was concerned, dietary supplementation of fermentation products (0.5% FSHP group) increased body weight gain as compared with corresponding normal diet fed control in birds (P < 0.05).
Growth Performance
Microbial Population in Ileum and Ceca
Effects of supplementation of FSBH and FSHP in diets on microbial population in broiler ileum and ceca after 35 d are shown in Table 6 . There were no significant differences in ileal bacterial population among all treatments. As for the treatments with fermentation products added (0.5% FSBH, 0.5% FSHP, and 1.0% FSHP groups), the cecal lactic acid bacteria count were higher than the control group. There were no significant differences among the fermentation groups (P > 0.05). Similarly, compared with the control group, supplementation with fermented product significantly increased the ratio of lactic acid bacteria to C. perfringens in ceca of birds (1.06 vs. 1.31 log10 cfu/g) (P < 0.05).
Intestinal Morphology
The effects of supplementation of FSBH and FSHP in broiler diets on intestinal morphology after 35 d are presented in Figure 1 and Table 7 . Chickens fed fermentation products in 0.5% and 1.0 FSHP groups had higher ileum villus height than control and 0.5% FSBH groups. All fermented groups had higher villus height/crypt depth in ileum as compared with the corresponding control group (P < 0.05); moreover, ileal crypt depth and villus height/crypt depth were no significant differences among the fermentation groups (P > 0.05). With regard to morphology of jejunum, similar villus height was observed in either group. Moreover, the inclusion of 0.5% FSHP in the diet showed 2 Results are provided as the means of one hundred birds in each control and treatment group (n = 100). SEM = standard error of the mean. FSBH: fermented 100% soybean hulls; FSHP: fermented 75% soybean hulls in combination with 25% Pleurotus eryngii stalk residue.
a,b Means within the same rows without the same superscript letter are significantly different (P < 0.05). 1 Results are provided as the means of four samples corresponding to four birds for the control group (cornsoybean meal diet) and 0.5% FSBH and 0.5% and 1.0% FSHP (n = 4).
FSBH: fermented 100% soybean hulls; FSHP: fermented 75% soybean hulls in combination with 25% Pleurotus eryngii stalk residue. SEM = standard error of the mean. a,b Means within the same rows without the same superscript letter are significantly different (P < 0.05).
significantly the highest villus height/crypt depth than other groups (P < 0.05). Table 8 shows supplementation of FSBH and FSHP in broiler diets on levels of serum antioxidant enzymes and MDA value after 35 d. Despite no significant differences being found in SOD activity and MDA among all treatments, birds fed diet containing 0.5% FSHP exhibited the higher serum CAT activity (P < 0.05) than other groups.
Serum Antioxidant Enzyme and MDA Value Assessments
DISCUSSION
Higher hemicellulase activities as well as increased some monosaccharide and oligosaccharide content (such as xylobiose, xylotriose, xylotetraose, and mannobiose) were found in both substrates examined after SSF in the present study. The results above indicate that hemicellulose existing in the substrate was degraded effectively by SSF with A. pullulans SH-218. Considering that hemicellulose is poorly digested by poultry and would further exert adverse effect on gut and compromise nutrient availability, previous studies employed commercial purified carbohydrases to increase the digestibility (Choct, 2006; Vahjen et al., 2005) . Our findings demonstrated that exogenous hemicellulase produced by the co-fermentation of soybean hulls and PESR with A. pullulans SH-218 eliminated partially antinutritional factors and suggested that the FSHP could diminish deleterious effects on the gut that removed the compensatory effect.
The composition and activity of intestinal microbiota could be altered by diet composition and dietary manipulations (Smits et al., 1998) . For example, viscosity caused by NSP may enhance mucus production that then creates an environment favored by anaerobic bacteria in the gut, particularly C. perfringens (Langhout et al., 1999) . However, actions carried out by carbohydrase enzymes could improve nutrient digestion and absorption, thereby reducing substrate availability for pathogenic microbial growth in the gut (Bedford and Apajalahti, 2001) . Furthermore, enzyme hydrolysis products may indirectly inhibit the growth of certain pathogenic species by stimulating the growth of lactic acid bacteria in the lower gut (Meng and Slominski, 2005) . Certain oligosaccharides are regarded as prebiotics depending upon their beneficial effects, e.g., selectively stimulating growth and/or activity of beneficial lactic acid bacteria and inhibiting proliferation of some pathogenic microorganisms as well, thereby improving the performance of animals (Gibson and Roberfroid, 1995; Monsan and Paul, 1995) . A previous study showed that xylooligosaccharide favors the proliferation of Bifidobacteria, but it was not utilized by Escherichia coli and Clostridium spp. (Okazaki et al., 1990) . In addition, certain enzyme hydrolysis products may attract microbes away from intestinal binding sites by means of competitive exclusion, thereby reducing colonization and disease, and releasing the mucosa to perform its functions of secretion, digestion and nutrient absorption (Iji and Tivey, 1998) . Nevertheless, it is noteworthy that despite the increased mannose content found in SHP after SSF, substrates containing PESR showed higher xylotriose and mannobiose levels than fermentation of only soybean hulls (FSBH). Hence, among treatments with added fermented products, the cecal lactic acid bacteria count was higher than that of control group. Compared with the control group, the 0.5% FSBH group increased significantly the ratio of lactic acid bacteria to C. perfringens in ceca of broilers.
Increasing the villus height suggests not only an increased surface area capable of greater absorption of available nutrients, but improved gut health status (Baurhoo et al., 2007) ; on the other hand, the crypt can be regarded as the villus factory, and a large crypt indicates fast tissue turnover and a high energy demand for new tissue (Yason et al., 1987; Awad et al., 2009) . Any additional tissue turnover will increase nutrient requirements for maintenance, and will therefore lower the efficiency in terms of poor growth performance of the animal. As expected, enhanced growth performance was obtained by dietary administration of PESR in response to optimal intestinal morphology such as ileum villus height; hence, 0.5% FSHP group had higher villus height/crypt depth than control and other fermented group in jejunum. Awad et al. (2009) pointed out that the increase in the villus height and villus height : crypt depth ratio and improvement of growth performance with probiotic and symbiotic (1 g/kg) supplementation. Moreover, Viveros et al. (2011) showed that dietary polyphenol-rich grape pomace concentrate (60 g/kg) could improve the gut morphology (villus height : crypt depth) and increase feed efficiency of broiler chicks. Notwithstanding, a direct correlation between villus height and intestinal microbial populations is reported in some literature (Solis de los Santos et al., 2005; Feng et al., 2007) . Antinutritional factors in soybean had been reported to have adverse effects on the morphology and function of digestive tracts in animals (Li et al., 1991) . Furthermore, stressors that are presented in the digesta can lead relatively quickly to changes in the intestinal mucosa due to the close proximity of the mucosal surface and the intestinal content (Giannenas et al., 2010) . Therefore, in spite of the fact that fermentation may decrease or eliminate anti-nutritional constituents, results in the current experiment indicate that increase ileum villus height/crypt depth is more pronounced in treatments containing PESR.
Several factors could induce excessive levels of reactive oxygen species and further result in oxidative stress, the phenomenon hence being regarded as one of the major factors negatively affecting performance of birds in the concentrated poultry industry (Lin et al., 2006; Mujahid et al., 2007) and as a main factor in the pathogenesis of several serious diseases (Kris-Etherton et al., 2004) .
Considering that mushroom bioactive ingredients hold promise of antioxidant activity aforementioned, its antioxidant capacity and effects on birds examined are discussed as follows. Phenolic compounds are used as a critical index for determining antioxidant capacity (Wu and Hansen, 2008; Liu et al., 2010) since they inhibit or retard oxidation by reacting directly with free radicals (Jiang et al., 2007) . Numerous studies have shown a significant in vitro antioxidant capacity of phenolic compounds derived from edible mushrooms (Cheung et al., 2003; Yang et al., 2004) ; mainly through scavenging free radicals by single-electron transfer (Hirano et al., 2001) . In the present study, higher total phenolic content was obtained in SHP than SBH after SSF for 9 d. A similar effect was found in Juan and Chou (2010) who conducted SSF of black soybeans with Bacillus subtilis to investigate the effect of fermentation on the changes in total phenolic content. Consequently, SSF of soybean hulls and a small amount of PESR with A. pullulans SH-218 could effectively increase total phenolic content, and thereby enhance antioxidant potentiality. This could be further proved by results shown in the TEAC analysis, since this method has been used to screen the relative radical-scavenging abilities of phenolic compounds (Shalaby and Shanab, 2013) . Previous studies indicated that fermentation improved the bioaccessibility of phenolic ingredients contained in soybean products (Chiou and Cheng, 2001 ); on the other hand, since antioxidant enzymes are considered to be the first line of cellular defense against oxidative damage (Jiang et al., 2007; Giannenas et al., 2010) and MDA concentration reflects endogenous lipid peroxidation level , both of these can be used to assess the oxidative status of animals. The antioxidant capacity of broilers fed 0.5% FSHP is more pronounced as indicated by serum CAT activity than other groups. Due to the capacity of eliminating precursors of free radicals, CAT is regarded as an enzymatic reactive oxygen scavenger. When soybean isoflavone, a type of phenolic compound from soybean, was added in boiler diets, CAT activity increased and optimal growth performance was observed as well (Jiang et al., 2007) . In addition, enhanced CAT activity and higher body weight gain were also found in broilers fed a diet with 0.5% dried powder of PESR .
In conclusion, SSF with A. pullulans SH-218 increased levels of antioxidant components of soybean hulls and PESR co-fermentation; moreover, improved villus height/crypt depth ratio in either jejunum or ileum and the ameliorated serum CAT activity may underlie a possible mechanism for improving the health and oxidative status in terms of better body weight gain.
